These primers allow identification and differentiation of apple, pear and strawberry 43 pathotypes, providing new tools for pathogen diagnostics. 44 45 46
The Alternaria section alternaria (A. alternata species group) represents a diverse group 24 of saprophytes, human allergens and plant pathogens. Alternaria taxonomy has 25 benefited from recent phylogenetic revision but the basis of differentiation between 26 major phylogenetic clades within the group is not yet understood. Furthermore, genomic 27 resources have been limited for the study of host-specific pathotypes. We report near 28 complete genomes of the apple and Asian pear pathotypes as well as draft assemblies 29 for a further 10 isolates representing Alternaria tenuissima and Alternaria arborescens 30 lineages. These assemblies provide the first insights into differentiation of these taxa as 31 well as allowing the description of effector and non-effector profiles of apple and pear 32 conditionally dispensable chromosomes (CDCs). We define the phylogenetic 33 relationship between the isolates sequenced in this study and a further 23 Alternaria 34 spp. based on available genomes. We determine which of these genomes represent 35 MAT1-1-1 or MAT1-2-1 idiomorphs and designate host-specific pathotypes. We show 36 for the first time that the apple pathotype is polyphyletic, present in both the A. 37 arborescens and A. tenuissima lineages. Furthermore, we profile a wider set of 89 38 isolates for both mating type idiomorphs and toxin gene markers. Mating-type 39 distribution indicated that gene flow has occurred since the formation of A. tenuissima 40 and A. arborescens lineages. We also developed primers designed to AMT14, a gene 41 from the apple pathotype toxin gene cluster with homologs in all tested pathotypes. Taxonomy within this presumed asexual genus has been subject to recent revision 56 (Lawrence et al. 2013) . Large spored species can be clearly resolved by standard 57 phylogenetic markers such as ITS and are supported by morphological characters. 58 However, small spored species within the A. alternata species group overlap in 59 morphological characters, possess the same ITS haplotype (Kusaba and Tsuge, 1995a) 60 and show low variation in other commonly used barcoding markers (Woudenberg et al. The polyketide synthase genes responsible for the production of the six HSTs are 77 present in clusters. Some genes within these clusters are conserved between 78 pathotypes (Miyamoto et al. 2009 ; Hatta et al. 2002) , while genes are also present 79 within these clusters that are unique to particular pathotypes (Ajiro et al. 2010 ; 80 Miyamoto et al. 2010 ). This is reflected in structural similarities between the pear (AKT) 81 and strawberry (AFT) and tangerine (ACTT) toxins with each containing a 9,10-epoxy-8- 82 hydroxy-9-methyl-decatrienoic acid moiety. In contrast, the toxin produced by the apple 83 pathotype (AMT) does not contain this moiety and is primarily cyclic in structure (Tsuge The toxicity of a HST is not restricted to the designated host for that pathotype. All or 100 some of the derivatives of a toxin may induce necrosis on "non-target" host leaves. For 101 example, AMT from the apple pathotype can induce necrosis on the leaves of Asian 102 pear (Kohmoto et al. 1976 ). Therefore non-host resistance may be triggered by 103 recognition of non-HST avirulence genes. Alternaria spp. are of phytosanitary importance, with apple and pear pathotypes subject 106 to quarantine regulations in Europe (Smith et al. 1997 ). As such, rapid and accurate 107 diagnostics are required for identification. Where genes on essential chromosomes can 108 be identified that phylogenetically resolve taxa, then these can be used for identification 109 of quarantine pathogens (Bonants et al. 2010; Quaedvlieg et al. 2012 ). Regulation and 110 management strategies also need to consider the potential for genetic exchange 111 between species. The Alternaria sect. alternaria are presumed asexual but evidence 112 has been presented for either the presence of sexuality or a recent sexual past. 113 Sexuality or parasexuality provides a mechanism for reshuffling the core genome 114 associated with CDCs of a pathotype. It is currently unknown whether pathotype 115 identification can be based on sequencing of phylogenetic loci, or whether the use of 116 CDC-specific primers is more appropriate. This is of particular importance for the apple 117 and Asian pear pathotypes due the phytosanitary risk posed by their potential 118 establishment and spread in Europe. 119 120
Results

121
Twelve genomes were sequenced, selected from a collection of isolates whose 122 phylogenetic identity was determined in previous work (Armitage et al. 2015 (Table   132 1). Whole genome alignments of these assemblies to the 10 chromosomes of A. solani 133 showed an overall macrosynteny between genomes ( Fig. 1 Phylogeny of sequenced isolates 153 The relationship between the 12 sequenced isolates and 23 Alternaria spp. with 154 publically available genomes was investigated through phylogenetic analysis of 500 155 shared core ascomycete genes. A. pori and A. destruens genomes were excluded from 156 the analysis due to low numbers of complete single copy ascomycete genes being 157 found in their assemblies (Supp. information 1). The 12 sequenced isolates were 158 distributed throughout A. gaisen, A. tenuissima and A. arborescens clades (Fig. 3 ). The 159 resulting phylogeny ( Fig. 3) , formed the basis for later assessment of CDC presence 160 and mating type distribution among newly sequenced and publicly available genomes, 161 as discussed below. 162 Gene and effector identification 163 Gene prediction resulted in 12757 -13733 genes from the our assemblies (Table 1) , 164 with significantly more genes observed in the apple pathotype isolates than in A. 165 tenuissima clade non-pathotype isolates (P > 0.01, F 2,8df = 51.19). BUSCO analysis 166 identified that gene models included over 97% of the single copy conserved 167 ascomycete genes, indicating well trained gene models. Apple pathotype isolates 168 possessed greater numbers of secondary metabolite clusters (P > 0.01, F 2,8df = 8.96) 169 and secreted genes (P > 0.01, F 2,8df = 44.21) than non-pathotype A. tenuissima isolates, 170 indicating that CDCs contain additional secreted effectors. Non-pathotype A. tenuissima 171 clade isolates were found to possess greater numbers of genes encoding secreted 172 proteins than A. arborescens isolates (P > 0.01, F 2,8df = 44.21), including secreted 173 CAZYmes (P > 0.01, F 2,8df = 9.83). The basis of differentiation between these taxa was 174 investigated further. 175 Genomic differences between A. tenuissima and A. arborescens assemblies identified variable presence of some contigs, identifying these as contigs 215 representing CDCs (CDC contigs) ( Illumina reads in comparison to core contigs. 228 Toxin gene clusters are present on multiple CDC contigs 229 Homologs to 15 of the 17 AMT cluster genes were located on contigs 20 and 21 in the 230 apple pathotype reference genome (e-value < 1x10 -30 , > 70% query alignment), 231 confirming them as CDC-regions (Table 3 ). Of the remaining two genes, AMT11 had 232 low-confidence BLAST homologs on contigs 18 and 21 (e-value < 1x10 -30 ) whereas the 233 best BLAST hit of AMT15 was located on contig 18 (e-value < 1x10 -30 ). Duplication of 234 toxin gene regions was observed between CDC contigs, with contig 20 carrying 235 homologs to 16 toxin genes, but with contig 21 also carrying the AMT1 to AMT12 236 section of the cluster (Table 3 ). The three other apple pathotype isolates (FERA 635, 237 743 and 1177) also showed presence of 15 of the 17 AMT genes (e-value < 1x10 -30 , > 238 70% query alignment), and with some AMT genes present in multiple copies within the 239 genome indicating that the AMT toxin region has also been duplicated in these isolates.
241
The Asian pear pathotype was also found to carry toxin gene clusters in multiple copies, 242 with homologs to the four AKT cluster genes present on contig 14 of the FERA 650 243 assembly (e-value < 1x10 -30 , > 70% query alignment), with three of these also present 244 on contig 24 (e-value < 1x10 -30 , two with > 70% query alignment). BLAST hit results 245 from AKT genes were supported by their homologs from strawberry and tangerine 246 pathotypes also found in these regions (Table 3 ). The pear pathotype genome was also 247 found to contain additional homologs from apple (AMT14), strawberry (AFT9-1, AFT10-248 1, AFT11-1 and AFT12-1) and citrus (ACTT5 and ACTT6) located on CDC contigs 14 249 and 24 (Table 3) . The evolutionary relationship between A. alternata pathotypes sequenced in this study 294 and publicly available genomes was analyzed by the core gene phylogeny (Fig. 2) . We 295 identified four isolates as tangerine pathotypes (Z7, BMP2343, BMP2327, BMP3436) 296 two as tomato pathotypes (BMP0308, EGS39-128), one Asian pear pathotype 297 (MBP2338), one rough-lemon (BMP2335) and two apple pathotypes (BMP3063, 298 BMP3064) through searches for genes from HST-gene clusters (Supp. information 4). 299 When plotted on the genome phylogeny, we found the apple and tangerine pathotypes 300 to be polyphyletic (Fig. 2 have been a mechanism for differentiation of these taxa. 435 Other effectors on CDC regions but has also occurred between A. tenuissima and A. arborescens lineages. We also 462 developed PCR primers to aid identification of pathotypes, with those targeting the 463 AMT14 locus identifying a range of pathotypes due to its conservation between CDCs. 464 Despite evidence of genetic exchange between A. arborescens and A. tenuissima 465 clades, we show that these taxa are sufficiently isolated to have diverged, with 466 significant differences in core effector profiles and transposon content. EffectorP proteins  246  248  264  263  268  233  252  252  241  236  229  229  Secreted CAZYme proteins  383  389  397  390  397  392  401  385  391  375  372  382  Secondary metabolite clusters  30  34  36  36  30  28  30  29  26  28  28  30  20  17  391795  26  48  20  33  56  30  19  27  29  51  30  23 0  22  109256  25  50  20  30  50  26  14  22  30  35  27  22   FERA  650   1  6257968  35  43  25  38  58  33  20  28  35  50  34  26  2  2925786  35  45  25  39  58  34  20  28  35  51  35  26  18  22  8  5  14  11  20  8  6  17  522351  35  37  23  35  55  31  18  26  33  47  33  24  18  463030  34  30  22  33  49  25  17  24  29  44  28  21  19  353531  34  30  21  34  49  26  16  23  30  43  28  21  20  350965  34  20  18  27  45  22  15  19  26  40  20  18  21  313768  35  24  19  29  46  25  15  22  27  38  28  19  22  288922  33  35  23  35  51  28  21  24  31  44  30 
